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Small,  portable  electronic  devices  need  power  supplies  that  have  long  life,  high  energy  efficiency,  high 
energy  density,  and  can  deliver  short  power  bursts.  Hybrid  power  sources  that  combine  a  high  energy 
density  fuel  cell,  or  an  energy  scavenging  device,  with  a  high  power  secondary  battery  are  of  interest  in 
sensors  and  wireless  devices.  However,  fuel  cells  with  low  self-discharge  have  low  power  density  and 
have  a  poor  response  to  transient  loads.  A  low  capacity  secondary  lithium  ion  cell  can  provide  short  burst 
power  needed  in  a  hybrid  fuel  cell-battery  power  supply.  This  paper  describes  the  polarization,  cycling, 
and  self-discharge  of  commercial  lithium  ion  batteries  as  they  would  be  used  in  the  small,  hybrid  power 
source.  The  performance  of  10  Li-ion  variations,  including  organic  electrolytes  with  LixV205  and  LixMn204 
cathodes  and  LiPON  electrolyte  with  a  LiCo02  cathode  was  evaluated.  Electrochemical  characterization 
shows  that  the  vanadium  oxide  cathode  cells  perform  better  than  their  manganese  oxide  counterparts  in 
every  category.  The  vanadium  oxide  cells  also  show  better  cycling  performance  under  shallow  discharge 
conditions  than  LiPON  cells  at  a  given  current.  However,  the  LiPON  cells  show  significantly  lower  energy 
loss  due  to  polarization  and  self-discharge  losses  than  the  vanadium  and  manganese  cells  with  organic 
electrolytes. 

©  2009  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

The  recent  growth  in  the  deployment  of  ultra  low  power 
(<100  pW  average  power)  wireless  devices  for  sensing  and  com¬ 
munication  has  led  to  the  search  for  a  suitable  high  energy  density 
power  supply.  Ultra  low  power  direct  methanol  fuel  cells  (DMFC) 
have  the  promise  to  provide  power  with  the  highest  possible  energy 
density.  However,  micro  DMFCs  suffer  from  the  same  drawbacks 
as  traditional  DMFCs  and  PEM  fuel  cells  for  portable  power  appli¬ 
cations,  namely  their  inability  to  adjust  to  transient  loads  with 
acceptable  efficiency.  Therefore,  many  fuel  cell  systems  must  rely  on 
a  hybrid  architecture,  such  as  the  one  shown  in  Fig.  1 ,  where  a  sec¬ 
ondary  energy  storage  device  provides  the  high  current  response  to 
the  transient  load  and  the  fuel  cell  provides  a  steady-state  current 
that  operates  the  circuit  controls  and  recharges  the  energy  storage 
device. 

Secondary  lithium  ion  (Li-ion)  batteries  are  the  preferred  energy 
storage  device  for  many  high  power  portable  applications  includ¬ 
ing  cellular  phones,  laptop  computers,  and  hybrid  electric  vehicles. 
Li-ion  cells  are  the  best  option  for  the  fuel  cell-battery  hybrid 
power  source  due  to  their  high  energy  density,  good  cyclability, 
and  high  energy  efficiency  compared  to  previous  battery  technolo¬ 
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gies,  including  nickel-cadmium,  nickel-metal  hydride,  and  zinc-air. 
However,  Li-ion  batteries  also  suffer  from  energy  losses  during 
cycling  and  self-discharge,  both  of  which  are  a  function  of  the  state- 
of-charge.  In  this  hybrid  fuel  cell-battery  application,  there  are 
losses  due  to  self-discharge  and  the  discharge  polarization.  The  pur¬ 
pose  of  this  study  was  to  evaluate  the  trade-offs  between  battery 
type,  state-of-charge,  and  battery  capacity  in  order  to  find  the  most 
energy  efficient  operating  condition. 

The  kinetics  of  self-discharge  will  vary  greatly  depending  on 
the  battery  chemistry,  electrode  composition  and  electrolyte  for¬ 
mulation.  Most  Li-ion  manufacturers  use  similar  non-aqueous 
electrolytes,  which  consist  of  LiPF6  solvated  in  linear  and  cyclic 
carbonates  such  as  dimethyl  carbonate  and  ethylene  carbonate, 
respectively  [1,2].  The  most  widely  used  cathode  since  the  1990s 
is  LixCo02  [3-7].  However  several  other  cathodes  are  used  includ¬ 
ing  LixMn204  [8-10],  LixNi02  [11,12],  and  LixV205  [4-6,10,13].  A 
solid-state  electrolyte,  lithium  phosphorus  oxynitride  electrolyte 
(LiPON)  has  been  developed  and  shown  to  have  high  power,  low 
self-discharge,  and  long  life  [14].  The  glassy  behavior  of  the  elec¬ 
trolyte  provides  stabile  contact  with  the  electrodes,  which  provides 
the  low  self-discharge.  The  presence  of  nitrogen  atoms  in  amor¬ 
phous  matrix  of  lithium  phosphate  is  responsible  for  the  increased 
stability  of  the  battery  [15]. 

In  a  previous  study  by  Johnson  and  White  [  16],  it  was  shown  that 
the  self-discharge  of  a  commercial  Sony  18  650  battery,  which  has 
a  LiCo02  cathode,  operating  at  approximately  4.0  V  is  11  pAcnrr2, 
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Fig.  1.  Hybrid  fuel  cell-lithium  ion  power  supply. 


which  the  authors  noted  as  “negligible”.  This  self-discharge  cur¬ 
rent  can  be  considered  negligible  when  the  average  discharge  rate 
is  high,  such  as  a  laptop  with  a  1.2  Ah  battery  operating  at  a  C/4 
discharge.  However,  in  small  sensor  applications,  the  steady-state 
current  may  be  only  100-500  |jiA  and  the  battery  may  only  operate 
at  C/4  discharge  rate  less  than  0.1%  of  the  devices’  life. 

Small  Li-ion  batteries  can  be  used  in  hybrid  power  supply 
applications,  however,  they  must  meet  the  peak  power  needs  of 
the  system,  which  can  be  from  1  mA  to  50  mA,  without  wasting 
excessive  energy  through  self-discharge.  Very  small  sensors  which 
require  only  a  steady-state  trickle  charge,  for  example  10  pW,  are 
very  vulnerable  to  self-discharge  problems.  Over-sizing  the  battery 
would  waste  fuel  cell  energy  in  self-discharge  while  under-sizing 
the  battery  would  result  in  system  failure  because  the  peak  power 
needs  would  not  be  met. 

Thus,  the  self-discharge  current  of  Li-ion  batteries  is  an  impor¬ 
tant  parameter  in  designing  ultra  low  power,  hybrid  power  sources. 
One  design  parameter  of  importance  in  the  battery  is  the  active 
area.  It  should  be  as  low  as  possible  in  order  to  minimize  the  self¬ 
discharge  but  be  large  enough  to  supply  the  peak  power.  Many 
sensors  have  low  average  power  with  short  bursts  of  activity.  For 
example,  in  many  cases  the  peak  current,  i\  (Fig.  2)  can  be  1000 
times  greater  than  the  steady-state  sleep  current,  i2,  unlike  larger 
electronic  systems  where  the  current  ratio  may  only  be  5 : 1.  Also,  the 
duty  cycle  is  low,  i.e.  t2  » t\ .  It  is  clear  that  the  use  of  Li-ion  cells  in 
ultra  low  power  applications  is  altogether  different  than  their  use  in 
larger  electronic  systems.  The  depth-of-discharge  during  the  brief, 
high  current  bursts  is  typically  less  than  1%  of  the  stored  charge. 
The  battery  is  recharged  between  events  so  that  the  battery  spends 
most  of  its  life  a  zero  net  current,  except  for  the  recharge  current 
which  must  be  supplied  to  compensate  for  self-discharge.  There¬ 
fore,  cell  selection  requires  a  balance  between  the  polarization  and 
self-discharge  loss.  The  goal  here  is  to  find  the  Li-ion  technology 
which  can  provide  brief,  high  current  bursts  with  as  low  as  possible 
self-discharge. 
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Fig.  2.  Current  pulse  profile  for  secondary  Li-ion  cell  in  a  hybrid  power  supply. 


In  this  investigation,  we  quantify  the  self-discharge  and  polar¬ 
ization  losses  of  ten  commercially  available  lithium  ion  cells  as 
a  function  of  cell  potential.  Since  energy  density,  rechargeability 
and  discharge  rate  are  mainly  dependent  on  the  cathode  mate¬ 
rial,  we  investigated  cells  with  similar  anodes  and  electrolytes. 
LixV205  and  LixMn204,  cathodes  were  investigated.  In  addition, 
one  LiPON  electrolyte  cell  with  a  LiCo02  cathode  was  also  inves¬ 
tigated. 

2.  Experimental 

Ten  low  capacity  Li-ion  coin-type  cells  were  used  in  this  inves¬ 
tigation.  Each  study  used  a  minimum  of  three  cells.  The  response 
across  each  set  of  cells  was  consistent.  In  order  to  maintain  simi¬ 
larity  between  the  electrode  and  electrolyte  a  single  manufacturer, 
Panasonic,  was  used  for  nine  of  the  cells.  In  order  to  look  at  the 
effect  of  the  electrolyte,  a  thin  film  LiPON  electrolyte  cell  was  pur¬ 
chased  from  Front  Edge  Technology,  Inc.  The  physical  parameters 
of  the  commercial  cells  are  presented  in  Table  1. 

All  electrochemical  measurements  were  made  with  an  Arbin 
battery  test  system.  For  each  experiment,  new  cells  were  used  in 
order  to  eliminate  the  effect  of  capacity  and  performance  fading 
caused  by  cycling. 

In  order  to  confirm  the  cell  capacity,  cycling  tests  were  done 
between  2.5  and  4.2  V  in  the  galvanostatic  mode  with  charge  and 
discharge  currents  of  100  pA  Following  cycling,  the  cells  were  dis¬ 
sected  and  the  normalizing  area  for  all  other  experiments  was  taken 
as  the  cathode  geometric  area.  Cell  polarization  and  charge-loss 
experiments  were  conducted  by  charging  the  cells  at  1/100  C  to  the 
desired  voltage.  Four  cell  voltages  were  of  interest  in  this  study: 
3.5,  3.75,  4.0  and  4.2  V.  For  the  polarization  experiments,  the  cells 
were  immediately  discharged  (immediately  following  the  charge 
cycle)  at  1/10, 1/5, 1/2, 1,  or  2C  relative  to  their  rated  capacity  for 
1  s.  The  cells  were  recharged  at  1/100  C  until  the  original  voltage 
was  achieved  and  the  charge/discharge  cycle  was  repeated  50  times 
with  each  cell.  The  discharge  potential  was  taken  as  the  peak  (min¬ 
imum)  value  measured  using  the  Arbin  system.  The  value  reported 
here  was  calculated  by  taking  the  mean  of  the  final  five  discharge 
values  for  each  of  the  tested  cells. 

The  self-discharge,  or  ability  to  recover  the  charge  stored  within 
the  battery  (i.e.  coulombic  efficiency)  is  an  important  parameter  for 
the  secondary  batteries  considered  here.  The  self-discharge  rate  of 
the  battery  during  hybrid  power  source  operation  was  investigated 
by  cycling  at  four  discharge  rates.  The  cell  was  first  charged  to  one  of 
four  voltages  of  interest:  3.5, 3.75, 4.0  or  4.2  V.  The  cell  was  then  dis¬ 
charged  for  100  s  at  constant  current.  The  cell  was  then  recharged  at 
the  same  current  as  that  used  in  the  discharge  until  the  original  cell 
voltage  was  reached.  The  recharge  time  was  greater  than  100  s  and 
the  time  varied  based  on  cell  size,  chemistry  and  charge/discharge 
current.  For  smaller  cells,  with  capacities  lower  than  20  mAh,  the 
cells  were  discharged  and  recharged  at  2, 6, 8  and  10  pA.  For  larger 
cells,  the  current  was  increased  by  a  factor  of  either  2  or  5. 

3.  Results  and  discussion 

The  capacity  of  the  commercial  Li-ion  cells  was  tested  in  order  to 
determine  the  portion  of  the  rated  capacity  available  between  2.5 
and  4.2  V.  The  results  for  ML621,  VL621  and  NX0201  cells  are  shown 
in  Fig.  3.  For  the  ML621,  the  available  capacity  is  nearly  a  linear 
function  of  the  charge  voltage.  This  was  repeated  for  20  cycles  for 
three  different  cells.  This  is  somewhat  different  than  results  previ¬ 
ously  reported  for  laboratory  prepared  Li-ion  cells  with  a  LixMn204 
cathode  [17,18].  However,  this  phenomenon  has  been  observed  pre¬ 
viously  in  the  literature  with  solid  electrolytes  [19]  and  carbon 
composite  electrodes  [20]. 
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Table  1 

Properties  of  tested  Li-ion  cells. 


Cell 

Cathode 

Electrolyte 

Manufacturer 

Nominal  capacity  (mAh) 

Diameter  (mm) 

Height  (mm) 

Active  diameter  (mm) 

Active  area  (cm2) 

ML414 

Mn02 

Organic 

Panasonic 

1.2 

4.8 

1.4 

2.9 

0.07 

ML621 

Mn02 

Organic 

Panasonic 

5.0 

63 

21 

42 

0.14 

ML1220 

Mn02 

Organic 

Panasonic 

17.0 

12.5 

20 

10 

0.71 

ML2020 

Mn02 

Organic 

Panasonic 

45.0 

20.0 

20 

16 

1.9 

VL621 

v2o5 

Organic 

Panasonic 

15 

63 

21 

05 

0.17 

VL1220 

v2o5 

Organic 

Panasonic 

7.0 

12.5 

20 

10 

0.74 

VL2020 

v2o5 

Organic 

Panasonic 

20.0 

20.0 

20 

16 

2.1 

VL2320 

v2o5 

Organic 

Panasonic 

30.0 

23.0 

20 

20 

3.1 

VL2330 

v2o5 

Organic 

Panasonic 

50.0 

23.0 

30 

20 

3.1 

NX0201 

Co02 

LiPON 

Front  Edge  Technology 

0.4 

N/A 

0.2 

N/A 

3.5 

The  vanadium  oxide  cell,  VL621,  showed  two  regions  during 
cycling,  which  is  consistent  with  reported  behavior  of  polycrys¬ 
talline  V205  cathode  Li-ion  cells  [21,22].  Between  2.5  and  3  V,  there 
is  nearly  zero  stored  charge.  Between  3.0  and  3.2  V,  110%  of  the  rated 
capacity  is  available.  This  provides  a  very  stable,  and  desirable  per¬ 
formance  range.  That  is,  one  can  use  the  full  capacity  of  the  battery 
at  nearly  constant  voltage.  Overcharging  of  the  V205  cells  resulted 
in  a  steep  rise  in  the  voltage  with  minimal  gains  in  the  stored  charge. 

Finally,  the  NX0201  cell  with  the  LiPON  electrolyte  and  LixCo02 
cathode  showed  minimal  charge  storage  capability  below  3.8  V.  At 
voltages  higher  than  3.8  V,  a  steady,  linear  voltage  increase  was 
observed  throughout  the  duration  of  the  charge  cycle. 

Li-ion  cells  are  operated  at  relatively  high  voltage  correspond¬ 
ing  to  a  high  free  energy  change  between  the  reactant  and 
product  states.  There  are  several  contributors  to  self-discharge 
in  electrochemical  systems  including  faradaic  processes  due  to 
decomposition  of  either  the  electrode  or  the  electrolyte.  A  portion 
of  the  self-discharge  occurs  during  recharge,  where  the  cell  voltage 
is  raised  higher  than  the  open  circuit  voltage. 

The  coulombic  efficiency  (fraction  of  the  stored  charge  which 
can  be  recovered),  or  self-discharge,  is  especially  important  in 
hybrid,  portable  power  sources  because  it  compromises  the  energy 
density  of  the  primary  energy  source,  the  fuel  cell,  by  adding  an 
additional  load.  In  the  hybrid  sources  considered  here,  the  bat¬ 
tery  spends  most  of  its  time  at  open  circuit  or  being  recharged  at  a 
low  C-rate.  Typically,  the  self-discharge  rate  is  used  to  evaluate  the 
shelf-life  of  an  electrochemical  cell  and  is  measured  by  fully  charg¬ 
ing  the  cell,  allowing  it  to  sit  at  open  circuit  for  a  period  of  time 
and  then  discharging  the  cell  at  low  current.  The  columbic  differ¬ 
ence  between  the  charge  and  discharge  steps  is  then  divided  by  the 
open  circuit  time.  The  self-discharge  is  given  as  the  average  current 
accounting  for  the  lost  charge.  In  the  case  of  a  hybrid  power  supply, 
open  circuit  shelf-life  is  not  an  issue.  Rather,  the  charge  lost  during 


recharge  at  low  C-rate  following  a  shallow  discharge  cycle  more 
closely  captures  the  operating  mode  of  the  hybrid  power  source. 

In  this  work,  the  self-discharge  was  evaluated  as  function  of  cell 
potential  for  an  operation  mode  which  closely  matches  the  perfor¬ 
mance  of  a  battery  in  the  hybrid  power  source.  The  batteries  were 
charged  to  the  operating  voltage  of  interest:  3.5, 3.75, 4.0,  and  4.2  V. 
The  cells  were  then  discharged  at  low  current  for  100  s  correspond¬ 
ing  to  a  very  low  depth-of-discharge,  below  0.1%,  which  is  typical  of 
the  discharge  of  the  battery  during  operation  in  the  hybrid  power 
source.  The  cells  were  recharged  at  the  same  current  to  the  original 
operating  voltage.  The  recharge  time  was  greater  than  100  s  in  each 
case.  The  time  in  excess  100  s  accounts  for  the  excess  charge  which 
has  been  supplied  due  to  self-discharge.  The  loss  in  charge  is  repre¬ 
sented  as  a  self-discharge  current,  is d,  by  averaging  the  charge  over 
the  time  for  the  whole  cycle,  Eq.  (1 ). 


where  ic  is  the  charging  current,  tc  is  the  recharge  time,  and  td  the 
discharge  time,  100  s.  The  self-discharge  were  evaluated  for  all  10  Li- 
ion  cells  listed  in  Table  1 .  A  representative  summary  of  those  results, 
providing  a  full  picture  of  the  performance,  is  provided.  At  least 
three  duplication  cells  were  tested  in  each  case.  The  data  points 
shown  are  the  result  of  the  average  of  the  final  five  cycles  of  each 
cell  and  the  error  in  all  measurements  was  taken  as  3  times  the 
standard  deviation. 

The  self-discharge  for  VL621  lithium  ion  cells  was  measured 
at  4.2  V  with  charge/discharge  currents  of  10,  8,  6  and  2  p,A  and 
is  shown  in  Fig.  4.  The  loss  due  to  self-discharge  increased  with 
the  charge  current.  As  expected,  the  self-discharge  increased  with 
charging  current  when  the  electrode  overpotentials  were  the  high¬ 
est. 

Identical  experiments  were  performed  with  the  NX0201  cells 
at  4.2  V  with  charge/discharge  currents  of  1.0,  0.8,  0.6  and  0.2  fxA, 
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Fig.  3.  Cell  voltage  vs.  rated  capacity  for  ML621,  VL621  and  NX0201  cells. 


Fig.  4.  Self-discharge  current  vs.  charge/discharge  current  for  VL621  Li-ion  cells. 
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Fig.  5.  Self-discharge  current  vs.  charge/discharge  current  for  Front  Edge  NX0201 
thin  film  Li-ion  cells  charged  to  4.2  V. 


as  shown  in  Fig.  5.  The  magnitude  of  the  self-discharge  was  less 
than  the  VL621.  The  self-discharge  current  for  the  NX0201  was 
much  less  than  with  self-discharge  for  the  vanadium  oxide  cell, 
even  though  its  electrochemically  active  area  is  significantly  larger. 
This  is  consistent  with  literature  reports  that  UPON  electrolyte 
cells  show  significantly  lower  self-discharge  than  their  counter¬ 
parts  with  organic  electrolytes  [19,23-25]. 

The  self-discharge  for  all  cells  was  also  investigated  as  a  function 
of  the  operating  voltage.  The  self-discharge  of  VL1220  and  ML414 
cells  as  a  function  of  voltage  are  shown  in  Figs.  6  and  7,  respectively. 
Overall,  the  self-discharge  of  the  lithium  ion  cells  increased  with  cell 
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Fig.  6.  Self-discharge  current  vs.  charge  voltage  for  VL1220  cells. 


voltage  due  to  the  higher  overpotentials  at  the  electrode  surfaces 
during  recharge.  This  was  also  the  case  for  the  UPON  electrolyte 
thin  film  cell.  The  self-discharge  is  function  of  the  state-of-charge 
for  the  vanadium  oxide  cells  and  rapidly  increases  at  higher  a  higher 
state-of-charge  (higher  voltage).  For  example,  the  self-discharge 
increases  more  than  10  times  when  the  voltage  increased  from 
3.5  to  4.0  V.  For  the  manganese  cells,  the  effect  is  less  pronounced, 
showing  only  a  2.5  fold  increase  over  the  same  voltage  range.  This 
may  be  due  to  similar  states  of  charge  for  the  manganese  cells  at  3.5 
and  4.0  V,  shown  in  Fig.  3.  The  geometric  area  of  the  cells  was  mea¬ 
sured  by  disassembling  three  of  each  type  of  battery  and  measuring 
the  area  of  the  cathode  pellet.  This  was  done  for  the  vanadium 
oxide  and  manganese  oxide  cathode  cells.  The  self-discharge  den¬ 
sity  (self-discharge  per  unit  area)  can  be  determined  for  the  ML 
and  VL  series  cells,  as  shown  in  Figs.  8  and  9,  respectively,  at  3.75  V. 
The  self-discharge  for  the  VL  series  and  ML  series  cells  compares 
favorably  with  previously  reported  LiCo02  cathode  cells  measured 
at  open  circuit  at  similar  voltages,  11  puAcm-2  [16].  Improvements 
in  the  Li-ion  cathode  have  led  to  a  reduction  in  the  self-discharge. 
Also,  the  results  for  the  self-discharge  of  VL2320  and  VL2330  cells 
shown  in  Fig.  8  verify  that  the  self-discharge  is  a  function  of  the 
electrode  surface  area  exposed  to  the  electrolyte  and  not  the  cell 
capacity. 

The  vanadium  cells  generally  have  lower  self-discharge  than 
their  manganese  counterparts,  even  though  the  cells  were  con¬ 
stantly  operated  in  the  overcharge  region.  The  overcharge  caused 
the  self-discharge  of  the  VL  cells  to  significantly  increase  at  high 
voltage  where  it  surpassed  that  of  the  ML  cells  above  4.0  V.  Both 
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Fig.  7.  Self-discharge  current  vs.  charge  voltage  for  ML414  cells. 
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Table  2 

Discharge  efficiency  as  a  function  of  discharge  rate  and  charge  potential  for  ML414  cells. 


Voltage  Discharge  rate 


2  C 

1C 

1/2  C 

1/5  C 

1/10C 

4.20 

0.26 

0.59 

0.77 

0.91 

0.94 

4.00 

0.60 

0.78 

0.88 

0.96 

0.97 

3.75 

0.45 

0.68 

0.82 

0.93 

0.95 

3.50 

0.43 

0.67 

0.81 

0.93 

0.95 

Cell 

Cathode 

Electrolyte 

Manufacturer 

Nominal  capacity  (mAh) 

Diameter  (mm) 

Height  (mm) 

Active  diameter  [mm) 

Active  area  (cm2) 

ML414 

Mn02 

Organic 

Panasonic 

1.2 

4.8 

1.4 

2.9 

0.07 

ML621 

Mn02 

Organic 

Panasonic 

50 

6.8 

2  1 

42 

0.14 

ML1220 

Mn02 

Organic 

Panasonic 

17.0 

12.5 

20 

1  0 

0.71 

ML2020 

Mn02 

Organic 

Panasonic 

45.0 

20.0 

2  U 

1  6 

1.9 

VLB21 

v2o5 

Organic 

Panasonic 

1  5 

58 

2  1 

0.5 

0.17 

VL1220 

v2o5 

Organic 

Panasonic 

70 

125 

20 

1  0 

0.74 

VL2020 

v2o5 

Organic 

Panasonic 

20.0 

20.0 

20 

1  6 

2.1 

VL2320 

v2o5 

Organic 

Panasonic 

30.0 

23.0 

20 

2.0 

3.1 

VL2330 

v2o5 

Organic 

Panasonic 

50.0 

23.0 

30 

20 

3.1 

NX0201 

Co02 

LiPON 

Front  Edge  Technology 

0.4 

N/A 

0.2 

N/A 

3.5 

the  ML  and  VL  series  cells  have  inferior  performance  to  the  NX0201 
thin  film  LiPON  cell. 

Although  the  self-discharge  can  play  an  important  role  in  energy 
efficiency,  the  self-discharge  rates  were  generally  acceptable  for 
hybrid  power  supplies.  The  main  energy  loss  encountered  in  the 
hybrid  power  supply  is  the  energy  loss  due  to  electrode  polariza¬ 
tion.  When  a  cell  is  discharged,  the  potential  difference  between  the 
two  electrodes  is  less  than  during  charging  due  to  electrode  polar¬ 
ization.  At  zero  current,  the  cell  remains  at  open  circuit  voltage. 
As  the  cell  is  discharged,  the  cell  voltage  drops,  due  to  activation 
and  concentration  overpotential.  The  potential  difference  between 
charging  and  discharging  increases  with  current  density  and  thus 
lowers  the  energy  efficiency.  The  discharge  efficiency,  £,  can  be 
defined  as  the  average  discharge  voltage,  Vd,  divided  by  the  average 
charging  voltage,  Vc,  as  shown  in  Eq.  (2). 


The  discharge  efficiency  is  not  a  significant  concern  when  plug- 
power  is  used  to  recharge  the  lithium  ion  cell  because  of  the 
virtually  unlimited  supply  of  current.  In  the  case  of  a  fuel  cell  pow¬ 
ered  hybrid,  the  energy  loss  due  to  discharge  efficiency  can  be  a 
significant  energy  drain. 

Cell  polarization  measurements  were  performed  on  all  cells  at 
2,  1,  1/2,  1/5,  and  1/10C  rates.  The  results  for  the  ML414  cells  are 
presented  in  Table  2.  The  cells  show  two  clear  trends.  First,  the  dis¬ 
charge  efficiency  improves  as  the  C-rate  is  decreased.  This  was  true 
for  all  the  cells  tested  at  4.2,  4.0,  3.75  and  3.5  V.  Second,  the  peak 
efficiency  at  all  rates  was  observed  at  4.0  V.  This  is  likely  a  balance 
of  two  effects.  First,  the  activation  overpotential  increases  as  the 
discharge  rate  increases.  Second,  as  the  discharge  rate  is  increased, 
the  number  of  lithium  ions  available  for  deintercalation  at  the  Li- 
ion  anode  is  reduced,  leading  to  a  depletion  overpotential  at  the 
electrode  surface  due  to  mass  transport.  Thus,  the  higher  state-of- 
charge  and  lower  discharge  C-rate  favor  improved  energy  efficiency. 


Table  3 

Discharge  efficiency  as  a  function  of  discharge  rate  and  charge  potential  for  VL1220 
cells. 


Voltage  Discharge  rate 


2  C 

1C 

1/2  C 

1/5  C 

1/10C 

4.20 

0.69 

0.79 

0.86 

0.92 

0.94 

4.00 

0.75 

0.85 

0.91 

0.97 

0.98 

3.75 

0.76 

0.85 

0.91 

0.97 

0.98 

3.50 

0.78 

0.86 

0.92 

0.97 

0.98 

Identical  experiments  were  conducted  with  VL1220  cells  and 
are  given  as  Table  3.  As  in  the  previous  case,  the  cell  polarization 
decreases  at  lower  C-rate.  However,  for  the  vanadium  oxide  cells, 
the  highest  efficiencies  were  observed  at  the  lowest  tested  cell  volt¬ 
age,  3.5  V,  at  all  rates,  although  there  was  only  a  modest  increase 
over  the  performance  at  4.0  V.  In  the  most  extreme  case,  4.2  V  oper¬ 
ating  voltage  and  2  C  discharge,  the  efficiency  for  the  VL  series  cell 
is  165%  greater  than  the  ML  series.  At  modest  conditions,  3.5  V  and 
C/10,  only  a  3%  improvement  was  realized. 

Polarization  experiments  were  also  performed  with  the  NX0201 
thin  film  LiPON  cell,  which  are  summarized  in  Table  4.  As  with 
other  cells,  the  discharge  efficiency  increased  with  decreasing  C- 
rate.  However,  in  this  case  the  efficiency  steadily  improved  from 
3.5  to  4.2  V.  This  is  clearly  due  to  the  LiPON  operating  window  and 
higher  state-of-charge  at  high  voltage,  as  shown  in  Fig.  3.  The  LiPON 
cell  had  nearly  zero  stored  charge  below  3.8  V. 


Table  4 

Discharge  efficiency  as  a  function  of  discharge  rate  and  charge  potential  for  NX0201 
cells. 


Voltage 

Discharge  rate 

2  C 

1C 

1/2C 

1/5  C 

1/10C 

4.20 

0.982 

0.991 

0.995 

0.998 

0.999 

4.00 

0.981 

0.991 

0.995 

0.998 

0.999 

3.75 

0.843 

0.922 

0.963 

0.989 

0.995 

3.50 

0.737 

0.864 

0.922 

- 

0.981 
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3 
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Fig.  10.  Discharge  voltage  as  a  function  of  cycle  number  for  shallow  discharge  exper¬ 
iments  with  vanadium  oxide  cathode  VL621  and  LiPON  electrolyte  NX0201  cells. 
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Fig.  11.  Discharge  voltage  as  a  function  of  cycle  number  for  VL621  cells  discharged 
at  3  mA. 


The  cell  polarization  experiments  are  useful  in  determining  the 
performance  of  the  cells  during  operation,  however,  other  factors 
contribute  to  the  battery’s  performance  during  the  hybrid  cell’s  life¬ 
time.  Capacity- fade  of  batteries  can  occur  during  cycling.  However, 
in  this  investigation,  the  depth-of-discharge  for  each  cycle  is  low, 
which  reduces  the  risk  of  capacity  face.  Second,  a  2  C  discharge  rate 
for  the  NX0201  cell  corresponds  to  less  than  C/10  for  the  ML621  and 
0.5  C  for  the  VL  621,  both  of  which  have  a  much  higher  capacity  at 
the  same  cell  volume  and  lower  surface  area. 

In  order  to  compare  the  performance  of  the  thin  film  UPON  cell 
with  the  higher  capacity  VL  cell  of  comparable  volume,  the  dis¬ 
charge  experiments  were  performed  at  1  and  3  mA  with  NX0201 
and  VL621  cells  charged  to  3.5  V.  Fig.  10  shows  the  cell  voltage  dur¬ 
ing  discharge  for  the  NX0201  (at  1  and  3  mA)  and  the  VL621  cell 
(at  1  mA)  as  a  function  of  cycle  number.  All  three  cells  show  sta¬ 
ble  performance  with  cycle  number  during  these  shallow  discharge 
experiments.  However,  the  discharge  voltage  at  1  mA  was  signifi¬ 
cantly  higher  than  for  the  VL  621  cell  than  the  NX0201.  The  volumes 
of  the  two  cells  were  approximately  the  same,  however  the  capac¬ 
ity  of  the  VL  621  was  higher  than  the  NX0201.  A  1  mA  discharge 
represents  only  a  0.67  C  discharge  for  the  VL621,  whereas  the  same 
current  is  a  2.5  C  discharge  for  the  NX0201.  However,  the  NX0201 
has  a  larger  electrode  area  than  the  VL621  and  the  NX0201  has  lim¬ 
ited  capacity  at  low  discharge  voltages,  whereas  the  VL  series  cell 
is  almost  fully  charged  (Fig.  3). 

The  voltage  efficiency  of  all  cells  decreased  slowly  with  cycling. 
The  VL621  cells  showed  a  4.5%  decrease  in  the  discharge  voltage 
after  30,000  cycles.  On  the  other  hand,  the  LiPON  cells  showed  a 
decrease  of  7.5%  and  5.7%  for  the  1  and  3  mA  experiments,  respec¬ 
tively.  The  NX0201  cell  performance  became  erratic  at  21,000 
cycles,  sometimes  showing  negative  discharge  potentials  or  an 
inability  to  reach  the  desired  discharge  rate  and  the  experiments 
were  terminated.  The  high  discharge  rate  for  the  NX0201  (3  mA 
corresponds  to  7.5  C)  is  likely  a  contributing  factor  in  overstressing 
the  cell. 

Fig.  11  shows  the  low  depth-of-discharge  cycling  performance 
for  the  VL621  cell  with  a  3  mA  discharge  pulse.  The  cell  shows  a 
rapid  decrease  in  performance  with  cycle  number  and  no  useful 
work  is  obtained  after  250  cycles.  Therefore,  for  the  vanadium  oxide 
cells  to  be  competitive,  one  needs  to  oversize  the  cell  such  that  the 
discharge  is  no  greater  than  1  C,  while  the  thin  film  LiPON  cells  are 
clearly  superior  at  high  C-rates,  although  efficiency  is  sacrificed. 

4.  Conclusions 

Several  commercial  secondary  Li-ion  cells  have  been  inves¬ 
tigated  for  use  in  low  power  hybrid  power  supplies.  The  self¬ 


discharge  of  the  LiPON  electrolyte  cells  was  found  to  be  more 
than  an  order  of  magnitude  superior  to  the  manganese  and  vana¬ 
dium  oxide  cathode  cells  with  organic  electrolytes  despite  their 
larger  electrode  area.  However,  the  manganese  oxide  and  vanadium 
oxide  cell  showed  a  superior  self-discharge  behavior  to  previously 
reported  commercial  cells  with  a  LiCo02  cathode  and  similar  elec¬ 
trolyte.  Their  self-discharge  values  were  9.76  and  2.59  |jiAcrrr2. 

The  cells  were  also  tested  for  their  polarization  performance  and 
lifetime  stability  with  low  depth-of-discharge  pulses.  The  LiPON 
NX0201  cell  showed  the  best  polarization  performance  to  any 
other  cell,  though  it  should  be  noted  that  the  vanadium  oxide 
cells  showed  a  much  higher  efficiency,  as  high  as  165%,  than  man¬ 
ganese  oxide  cells  under  identical  operating  conditions.  Finally, 
both  the  vanadium  oxide  cathode  and  LiPON  electrolyte  cells 
showed  excellent  cycling  performance  at  low  depth-of-discharge, 
<0.01%  depth-of-discharge.  The  performance  of  the  LiPON  cells  was 
stable  for  21,000  cycles  at  7.5  C,  while  the  vanadium  oxide  cells 
were  stable  at  2/3  C  for  over  30,000  cycles.  However,  at  2  C  the 
cycling  performance  of  the  vanadium  oxide  cells  was  poor,  yielding 
usable  power  for  only  250  cycles  with  efficiencies  always  less  than 
45%. 
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